





















Biowaste,	derived	 from	cooking-oven-produced	carbon	nanoparticles	 (WCP),	are	 incorporated	 into	polyaniline	 (PANI)	via	 in-situ	chemical	oxidative	polymerization	 to	achieve	excellent	electrochemical	properties	 for
application	in	supercapacitors.	The	WCP-PANI	composite	electrodes	have	shown	high-performance	charge	storage,	due	to	combinatorial	effect	of	electrical	double	layer	capacitance	from	WCP	and	pseudocapacitance	from
PANI.	With	 increase	 in	 the	WCP	 percolation,	work	 function	 of	 PANI	 is	 increased,	which	 improves	 the	 charge-trapping	 capabilities	 of	 composites.	 For	 such	 distinct	 charge-trapping	mechanism,	 areal	 capacitance	 of	 the
composite	microelectrode	remains	near-constant	with	increase	in	scan	rate	or	current	density.	This	indicates	the	suppression	of	diffusion	limitations	at	higher	scan	rates	to	considerably	enhance	the	rate	capability.	Also,	with
increasing	polymerization	time,	strong	interaction	in	this	conjugated	system	greatly	improves	the	charge-transfer	reaction	between	PANI	and	WCP.	The	areal	capacitance	of	the	composite	electrode	is	found	to	increase	more





On	the	other	hand,	 to	attain	 the	 increasing	power	demands	of	energy	storage	systems,	particularly	of	portable	electronic	devices	and	the	emergent	 internet-of-things	(IoT),	both	researchers	and	developers	are	depending
nowadays	on	“Supercapacitors”	[1–4]	as	a	promising	alternative	approach.	Evidently,	for	this	typical	interest	in	supercapacitors,	comprehensive	research	has	been	endeavored	in	designing	new	electrode	materials	for	enhancing	the
power	 and	 energy	 storage	 capacity	 associated	 to	 the	 electrodes	 [5–10].	 Various	 porous	 forms	 of	 carbon	 are	 presently	 preferred	 as	 the	 electrode	materials	 due	 to	 exceptionally	 high	 surface	 areas,	 comparatively	 high	 electronic
conductivity,	and	feasible	cost	[11,12].	Additionally,	other	forms	of	nanostructured	carbon-based	electrochemical	electrodes	have	also	generated	considerable	interests	due	to	their	unique	surface	structures,	high	surface-to-volume
ratios,	and	size-dependent	physical/chemical	properties	etc.,	all	of	which	have	led	these	active	materials	into	higher	utilization	for	superior	electrochemical	performance	[13,14].
But	 one	 related	 issue	 for	 the	 carbon	 nanomaterials’-based	 electrochemical	 devices	 is	 the	 intrinsic	 grain-boundary	 scattering	 of	 charge	 carries	 to	 deteriorate	 the	 transport	 properties,	 which	 affects	 the	 electrochemical
performance	considerably.	To	overcome	this,	composite/hybrid	electrodes,	based	on	carbon	nanomaterials	embedded	within	a	conducting	polymer	layer	are	fabricated	to	get	improved	electrochemical	properties.	Notably,	conducting
polymers	having	properties	 like	good	electrical	 conductivity	and	high	pseudocapacitance,	have	also	emerged	widely	as	 interesting	electrode	material	 for	 supercapacitors	 [8,9,15–17].	Among	such	conductive	polymers,	polyaniline








calcium	 carbide	 derived	 carbon,	 carbon	 black	 or	 even	 carbon	 nanotubes	 (CNT)	 [20].	 Majority	 of	 the	 syntheses	 processes	 of	 these	 composites	 have	 involved	 either	 chemical	 or	 electrochemical	 routes,	 whereas	 electrochemical













spectral,	 electrical,	 electrochemical	methods	 and	are	used	as	 active	 electrodes	 in	 electrochemical	 cells.	 The	 supercapacitive	properties	 of	 the	Pa/WC	electrodes	 are	 investigated	by	 cyclic	 voltammetry	 (CV),	 galvanostatic	 charge-
discharge	(GCD)	and	electrochemical	 impedance	spectroscopy	(EIS)	 techniques.	From	all	 these	studies,	 the	combination	of	PANI	and	WCPs	to	 form	composites	 is	demonstrated	to	be	a	very	simple,	cheap,	and	waste	management
recycling	method	 to	 increase	 the	 specific	 capacitance	 of	 electrodes.	 The	 energy-storage	 of	 these	 supercapacitors	 combines	 two	 effects:	 A.	 pure	 electrostatic	 attraction	 of	 ions	 in	 the	 electrical	 double-layer	 from	WCP	 and	B.	 the
contribution	 of	 pseudocapacitive	 Faradaic	 reactions	 from	 PANI	 backbone.	 Additionally,	 the	WCPs	 within	 the	 PANI	matrix,	 act	 as	 charge	 trapping	 layers	 via	 a	 distinct	 charge	 storage	mechanism	 [26],	 due	 to	 which	 the	 specific
capacitance	of	the	composite	microelectrode	is	found	to	increase	with	increasing	scan	rate	and	current	densities.	This	unique	property	indicates	the	suppression	of	diffusion	limitations	at	higher	scan	rates/current	densities	to	manifest
excellent	rate	capability	of	the	composite	electrodes	for	superior	supercapacitor	applications.	Besides,	this	process	can	be	added	as	a	new	promising	candidate	of	emerging	green-energy	technology	era.	Hence,	the	novelty	of	this	work
















































emission	 scanning	 electron	 microscope	 (FESEM-FIB,	 Carl	 Zeiss	 Auriga	 Crossbeam	 microscope)	 with	 EDS	 (Oxford	 XMax	 150).	 For	 X-ray	 photoelectron	 spectroscopy	 (XPS),	 a	 Kratos	 Axis	 Supra	 spectrometer	 was	 used	 with	 a
monochromatic	Al	Kα	 source.	 The	X-ray	 power	was	 225 W	and	 a	 pass	 energy	 of	 5 eV	was	 used	 for	 the	 detail	 spectra.	 The	 fitting	 of	 the	C	 1s	 line	with	CasaXPS	 is	 similar	 to	 previous	work	 [28].	 The	 powder	 samples	 are	 further






















































Furthermore,	 to	 evaluate	 the	 impact	 of	 functionalization	 in	 the	 polyaniline-carbon	 composites,	 phase-imaging	 (PI)	mode	 along	with	 surface	 topography	 by	 atomic	 force	microscopy	 (AFM)	 is	 used.	 The	 PI-AFM	 is	 a	 powerful	 tool	 for	 surface
characterization	of	 the	soft	composites	materials	 (i.e.	polymers	or	biomaterials),	 and	 the	obtained	phase	 image	can	detect	chemical	 variation	as	well	 as	 is	able	 to	 reveal	more	detailed	 surface	properties	 than	 the	morphological	 image	 [38–40].	Phase









the	benzene	rings	have	been	observed	[41–44].	As	expected,	all	 the	peak	 intensities	are	observed	to	be	 increased	with	 increasing	polymerization	time,	apparently	due	to	the	strengthening	of	 the	polymer	backbone.	 In	addition	to	the	PANI	bands,	“G”




























Samples BET	surface	area/m2	g−1 Avg.	BJH	pore	volume/cm3	g−1 rms	surface	roughness/nm
Pa/WC3-t1 15.26 0.081 35.1
Pa/WC3-t2 19.76 0.090 40.7
Pa/WC3-t3 20.51 0.091 58.7
Pa/WC3-t4 21.62 0.097 71.3
Pa/WC2-t1 13.70 0.068 25.6
Pa/WC2-t2 17.27 0.075 29.9
Pa/WC2-t3 19.93 0.083 34.6
Pa/WC2-t4 21.11 0.090 37.6





Pa/WC1-t2 13.86 0.066 17.5
Pa/WC1-t3 17.97 0.076 25.7





















and	higher	anodic	and	cathodic	currents	of	 the	composite	electrodes	(an	 increment	of	almostone-to-two	orders	of	magnitude)	against	 the	control	samples	 indicate	signficant	EDLC	effect	because	of	 the	presence	of	WCPs	within	the	composite	 in	high
concentration,	which	act	as	electron	trapping	centers	during	the	electron	transfer	from	electrolyte	to	the	PANI	(Oxidation),	resulting	in	higher	electron-transfer-rate,	thus	enhancing	the	anodic	current.	This	is	also	the	reason	for	the	suppression	of	one	of























































































































































Pa/WC3-t4	 composite	 showed	highest	CPEDL	(36.4 μF)	 and	 lowest	Rct	(2.52Ω)	 values	 against	 other	 samples,	which	 indicate	much	easier	 charge	 transfer	 rate	 at	 the	 electrode/electrolyte	 interface,	 thus	 enhancing	 rate	 capability	 and	 cycle	 life	 towards




EIS	parameters Pa/WC1-t4 Pa/WC2-t4 Pa/WC3-t4
RΩ/Ω 18.4 20.63 23.41
CPEDL/μF 0.367 1.22 36.4
Rct/Ω 19.19 3.12 2.52
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